Chalcogenide glasses or amorphous semiconductors are applicable materials in modern optoelectronics. Understanding of thermal, optical, electrical and structural properties in these materials is useful to demonstrate their potential uses. Particularly physical properties of metal containing chalcogenide glasses are getting much attention owing to their interesting features and wide range structural modification. This work presents a chronologic development in metal containing chalcogenide glasses and a correlation between optical, electrical, thermal parameters for recent developed Se-Zn-In alloys. Specifically, the variation of optical energy band gap (E g , electrical conductivity ( av , crystallization activation energy (E c and Hruby number (GFA-glass forming ability parameter) with indium atomic percentage of Se 98−x Zn 2 In x (0 ≤ x ≤ 10) chalcogenide glasses is described. Subsequently, the variation of refractive index (n), E g , av , E c and Hruby number with average coordination number r of under examined systems is also discussed. Minimum and maximum variations in above physical parameters are obtained at threshold composition (6 at. wt% of In) and corresponding threshold structural unit r value.
INTRODUCTION

Background of Metallic Chalcogenide Glasses
Ternary composition of chalcogenide glasses have been broadly studied more than three decades. Such chalcogenide compositions can be prepared by introducing a suitable additive element in well known or new binary matrix. First most extensively studied ternary As-S-Se system demonstrated by Flaschen et al., 1 they show a wide glass-forming region for this composition. This outcome also revealed the solid solutions can be formed along the line As 2 S 3 -As 2 Se 3 which proved via IR spectra and Xray analysis by Velinov and his coworkers. 2 The Covalent Random Network (CRN) and the Chemically Ordered Network (CON) models both satisfy the 8-N rule under the distribution of bond types in a covalent network with multi elements. As-rich glasses can be formed As-As, As-Se, and As-S bonds; thus Se-rich glasses have As-Se, As-S, and Se-Se bonds and S-rich glasses As-Se, As-S, and S-S bonds. The relative weight of each of the above units is expected to be proportionate to the overall composition of the glass itself. 3 Afterword an intensive effort was made to deduce thermally stable ternary chalcogen compositions by introducing a suitable alloying element In the decade Se-based metal containing chalcogenide glassy alloys became attractive materials for investigations in optoelectronics and photonics. [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] These materials exhibited kind of thermal, electrical and optical properties during the performances. [51] [52] [53] [54] [55] [56] Specifically their variable structural property makes them interesting for investigation owing to that, they extensively studied [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] by the investigators. Predominantly VI-II-III group alloying glasses have been getting much attention in last a few years cause drastic change in their thermal, optical and electrical properties at threshold composition/-threshold structural unit (or average coordination number) value.
To explore the different aspects of such materials several investigators have been reported their work addresses the various properties; Garrido et al. 57 have studied the ion selective application of Ag-Ge-Se chalcogenide glasses. Tomova et al. 58 have reported the Cu-ion as selective membranes based on chalcogenide glasses. Vassilev et al. have reported the Cd(II) and Zn(II) can be used as selective electrodes 59 60 with chalcogenide glasses. Veronique Sousa 61 has studied the chalcogenide materials can be used as non-volatile memories. Madhavan et al. 62 have explored the spectral properties of Co-Ge-Te amorphous thin film. Kim et al. and Tver et al. 63 64 have demonstrated the thin film from laser ablation and formation of ferromagnetic spinel microcrystals in metal containing chalcogenide alloys. Hyuk Choi et al. 65 have demonstrated the application of Ag doped thin film in programmable metallization 66 have demonstrated the Metamaterial electro-optic switching at nanoscale thickness. Skoug et al. 67 have studied the effect of structure on thermal conductivity of metallic chalcogenide glasses. Silva et al. 68 have studied the temperature dependence thermo-optical properties of metallic chalcogenide glasses. Hu et al. 69 have reported the structural, electrical and optical properties of Cu doped chalcogenide glasses. Sharma 74 have introduced the new class of metallic semiconductors. In order to this Zhou et al. 75 have introduce the promising thermoelectric properties in Ag-Mo-Se compounds.
Investigations on metallic chalcogenides not limited to above described studies. It is still ongoing toward to forward direction to deduce new future prospective advanced amorphous chalcogenide/semiconducting alloys. Amorphous semiconductors which full fill the essential requirements of modern optoelectronics. Thus, it can be outlined the potential field of optoelectronics and advanced materials is rapidly growing due to their adequate uses. Therefore, it is worth to have an understanding on various parameters (like, optical, electrical, thermal and structural units) of chalcogenide glasses to describe the recent developed ternary materials.
Optical Energy Band Gap
Optical energy band gap describes the minimum energy required for optical excitation of a material. 76 have demonstrated the existence of dangling bonds in density of localized states and subsequently defines theses defects or dangling bonds responsible for the physical variation in chalcogenide glasses. Adler et al. 77 have proposed the existence of localized electronic states in amorphous semiconductors. Biegelsen et al. 78 have studied the light induced defects for chalcogenide glasses and demonstrate the optical energy band in these materials widely depend on light exposure time. Arkhipov et al. 79 have demonstrated an electronic model of photoinduced optical anisotropy for chalcogenide glasses. Subsequently, they have also explained the occurrence of electron-hole pairs sufficiently close and sufficiently deep in localized states (or traps), in literal meaning they interpreted as; such pairs occur in glassy materials due to random spatial distribution of both electrons and holes traps and occasionally some traps close to each other. The addition of specific foreign defects or structural units can provide the correlation between position in deep localized states for the electrons and holes. The foreign specific defects also create the photoexcited geminate pairs of carriers which occupying correlated traps. These traps can be considered as a change in electronic structure owing to defects, which arises due to structural rearrangements in vicinity of defects. Afterward, Phillips 80 was extended this study and demonstrated that the occurrence of vibrational threshold near to the average coordination number for the network glasses.
Refractive Index
Refractive index is the fundamental optical property of a substance which defines the working performance of a system. Fundamentally, refractive index of a material describes the relative permittivity of the incident light. Therefore, this physical quantity extensively depends on the wave length of incident light. Because the incident light slow down in the material microscopic complex structure cause disturbance in relative charge distribution of atoms. In the complex alloys or materials (more than two elements) charges oscillate slightly out of phase with respect to driving electric field and radiate their own electromagnetic wave with same frequency but having a phase delay. The macroscopic sum of this kind contribution in the material is a wave with same frequency but shorter wavelength than the original incident light. Owing to this, the most of the radiation from oscillating material charges modify with incoming wave as well as concentration of alloy. For chalcogenide glasses it is well describe the refractive index widely depend on density of localized states of the materials and it can be influenced from the addition of foreign element.
Electrical Conductivity
In chalcogenide glasses electrical conduction can be take place by means two parallel processes namely band conduction and hopping conduction. Predominantly the band conduction occurs when the carriers are excited beyond the mobility edges into non-localized states. The excitations of the carriers into localized states at the band edges cause the hopping conduction. 81 Therefore, the total electrical conductivity of a glassy system can be described with help these two conduction mechanisms. In order to describe the electrical conductivity in such glasses, we can not ignore the thermal influences because it affects the electrical conductivity of glassy materials. To overcome such thermal influences Jonscher and Hill 82 have been defined an empirical relation for chalcogenide glasses, and Pool-Frenkel 83 have been established a conduction mechanism for nonlinear materials. This conduction mechanism predominantly deals with conduction in these materials in which traps are involved and defects impurity generates electrons. The structural defects in the amorphous semiconductors or chalcogenide glasses cause additional energy close to the band edges called traps. The existed traps restricted the current flow in this kind materials owing to a capture and emission process; therefore they play a dominant role in current mechanism.
Crystallization Activation Energy
Crystallizations activations energies of the glasses reflect the contributions of molecular motions and rearrangements of the atoms around the critical transitions temperatures. 84 Crystallizations activations energies of such materials can be evaluated from the interpretation of isothermal or non-isothermal modes of DSC measurements results. In isothermal and non-isothermal DSC measurements atoms undergo infrequent transitions between the local (or metastable state) potential minima states which separated from the different energy barriers in configuration space where each local minima represent a different state structure. For a stable glassy system, configuration must have local minima structure state. By mean, atoms possessing minimum crystallization activation energy have a higher probability to jump in metastable state of lower internal energy. 85 Hence the activations energies of the glasses are amount of energies which absorbed by a group of atoms for a jump from one metastable state to another state. 85 86 Generally activations energies of the glasses are described at the critical transitions temperatures like, glass transition temperature, onset crystallization temperature and peak crystallization temperature.
Hurby Parameter
Hubry parameter describes the glass forming ability (GFA) and thermal stability of the glassy materials. 87 has introduced the first GFA criterion D T = T c − T g and Hruby 90 developed the important
Hruby developed H R GFA criterion also describes the thermal stability of amorphous materials.
Average Coordination Number
It is well established the physical properties of chalcogenide glasses closely related to average coordination number r . First Phillips in 1979, 91 Thorpe in 1983 92 and Tanaka in 1989 93 established the relationship between r and properties of covalent network glasses. PhillipsThorpe fundamental studies were also demonstrated the existence of two topological threshold magic numbers r = 2 4 and r = 2 6 for network solids. Phillips-Thorpe 91 92 were demonstrated the threshold corresponds to a network arrangement when ideal mechanical stability of a glassy system reached at r = 2 4. They also demonstrated the number of interatomic force-field constraints per atom equal to number of vector degrees of freedom in per atom. At the critical threshold r = 2 4 the network becomes rigid and rigid clusters percolate then network goes through under a phase transition. Respective above and below the critical thresholds 2 4 < r < 2 4 the networks belongs to underconstrained (floppy) and overconstrained (rigid) structural modes.
Afterward Tanaka 93 extended this original idea of Phillips for two-dimensional glassy structures. Essentially he assumed a planar lattice-like entity of the glassy structure as a basic molecular entity lies in a three-dimensional space and demonstrated that the number of angular constraints is reduced and consequent rigidity threshold appear at r = 2 67. At the critical threshold r = 2 67 a twodimensional glass appears to be stable in three-dimensional space. Thus Tanaka's average coordination number thresholds ( r < 2 67 and r > 2 67) divides the molecular-like configuration which continuous in three-dimensional network structure.
After, these reports several investigators extensively [94] [95] [96] [97] inspect the dependence properties on r and the extremal points addressed which attributed to topological thresholds. Subsequently, Mahadevan and Giridhar 97 and
Varshneya et al. 98 demonstrated the most probable chemistry and described the property-r of dependence for these materials. Tichly et al. 99 were reported the extrema in property dependence on r around the chemical threshold rather than Phillips-Thorpe or Tanaka, thresholds. They also demonstrated the optical properties of chalcogenide closely related to structural parameters such as average coordination number. In order to this several authors 100 contributed
MATERIALS PREPARATIONS
Bulk glassy materials were prepared by conventional meltquenched technique. The high purity elements Selenium, Zinc and Indium were used. The appropriate amounts of elements were weighed by electronic balance and put into clean quartz ampoules (length of ampoules 8 cm and diameter 14 mm). All the ampoules were evacuated and sealed under at a vacuum of 1 33 × 10 −3 Pa to avoid the reaction of glasses with oxygen at high temperature. A bunch of sealed ampoules was heated in electric furnace up to 1173 K at a rate of 5-6 K/min and kept at that temperature for 10-11 h. During the hole melting process ampoules were frequently rocked to ensure the homogeneity of molten materials. After achieving the desired melting time, the ampoules with molten materials were quenched into ice cooled water. Finally ingots of the glassy materials were obtained by breaking the ampoules.
CHARACTERIZATIONS
Optical Characterization
For optical characterization powder of bulk glassy materials were dissolves into nuzoul to prepare a homogeneous solution. The prepared solutions of bulk glassy materials were deposited on transparent object to form a thin film on object. During the transparent object preparations almost care was taken to ensure the homogeneous thickness of thin film of each system. UV/VIS absorption spectra of prepared thin films on transparent object were recorded from SHIMADZU, UV-1700 model spectrometer in range of 200 nm to 1100 nm.
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Electrical Characterization
For the electrical characterization the prepared glassy materials were cursed into fine powder and make its pellet (12 mm dia and ∼2 mm thickness) under a 5 tons load. I-V measurement were performed across the plane surface of the pellet samples with help of Keithely 2400 source measure unit under fixed bias (V), in voltage range 10 to 200 V at normal room temperature. To ensure the homogeneity of experimental data each observation were performed several times.
Thermal Characterization
Thermal characterizations were performed from the DSC measurement (METTLER DSC-25) with an accuracy of ±1 K. For each heating rate measurement instrument was calibrated with materials of well-known melting temperatures and the melting enthalpy of indium, which were supplied with the instrument. The prepared glassy samples (5-8 mg) were loaded into aluminum pans for each continuous heating rates ( = 5, 10, 15 and 20 K (min) −1 and scanned from 303 to 473 K.
RESULTS
Physical Parameters Variations with Alloys Compositions
Optical energy band gaps of the under test materials are illustrated from the band tail analysis of UV/Visible absorption spectra in spectral range 400 nm to 600 nm, the complete optical study was demonstrated in our past study. 42 Width of broad absorbance peaks were measured for interval 20 nm in spectral tail region. Using the values of spectrum width the optical energy gaps were obtained by employing the well known Tauc's relation 101 102 of amorphous semiconductors. While, electrical conductivities of present glasses are described between the above said voltage range (10 to 200 V), at room temperature.
Here average values of electrical conductivity have to be taken to ensure the minimum deviation and good understanding of the overall electrical conduction behaviour of the materials.
Variations of optical energy band gaps and electrical conductivities with indium atomic percentage is given in Figure 1 . It has been observed both optical energy band gap and electrical conductivity in decreasing and increasing order upto threshold (6 at wt% of In) indium concentration afterward both physical quantities in vice-versa. Obtained outcomes reveal the maximum variation occurs for threshold composition glass. 41 42 This change in optical energy bad gap and electrical conductivity arise due to existance of large number impurity levels and geminate traps of electron-hole pairs in forbidden gap of glassy material. 103 104 Existance of large number close impurity levels in forbidden gap makes easy to photons jump one metastable energy level to other [105] [106] [107] [108] and trap electronhole pairs produced more electronic conduction centers. Therefore, collectively the impurity levels photons requires less amount of energy for optical excitations and traps electron-hole pairs electronic centers allow to easier path for conduction. This could be accounted for minimum and maximum E g and av values at threshold composition glass.
Crystallization activation energy (E c is the result of phase transformation which arise due to thermal vibrations or motions of the atoms. Heat conduction in random network materials widely affected from the compositional structures. The phonons wavelengths and phonons density of states 109 play an important role to increase and decrease in crystallizations activations energies of glassy materials. Variations of E c and E g with indium atomic percentage of alloys is given in Figure 2 . Here E c values have been taken from our pervious study 110 which was described from Augis and Bennet 111 method by using the The crystallizations activations energies variations in under examined materials could be expressed in these words, the powdered or bulk solid consist of a lattice of micro-crystallites with missing of certain lattice points. These missing points creates the voids in the systems owing to incorporation of foreign/or addition element concentration in matrixes. The scattering of phonons from the micro-crystallites or solid particles and presence of voids influences the process of heat transfer through the systems. As consequence the phonons wave lengths in such materials is reduced largely. Reduction in phonon-phonon interactions in the test materials ultimately tends toward to decrease in crystallization activation energy beyond the threshold concentration. 83 84 112 Thermal stability and glass forming ability (GFA) play an important role in determination of the utility of alloys as recording materials. Owing to truth, the phase change optical (PCO) recording and erasing techniques based on laserinduced thermal amorphization and crystallization. 113 56 GFA of glasses are related to simply, by which melt can be cooled to avoid the crystal formation. GFA of the subjected materials can be obtained from the analysis of DSC measurements at heating rates 5, 10, 15 and 20 K/min by employing the Hruby H r parameter relation 114 
H R
Variation of E c and GFA with indium atomic percentage is given in Figure 3 . Obtained results demonstrate the GFA of studied glasses are in increases order with indium alloying concentration and utmost at threshold composition then reduce for 10 % indium composition glass. In contrast to GFA values E c is vice-versa. Therefore, these two outcomes correlatively can be interpreted as; the thermal stability and GFA of a glassy material becomes maximum when activation energy of crystallization is minimum.
Physical Parameters Variations with Alloys Average Coordination Number r
Structure of chalcogenide glasses are closely related to structural unit or average coordination number which extensively varied with alloying networks. 100 Several approaches have been proposed by the investigators, to explain the composition dependence of physical properties of these glasses. [115] [116] [117] [118] [119] [120] [121] Most common accepted approaches are called chemically ordered network models, [115] [116] [117] [118] in which the formation of heteropolar bonds is predominant over the formation of homopolar bonds. These models demonstrate the glass structure is assumed to be composed of cross-linked structural unit of the stable chemical compound (heteropolar bonds) of the system and excess of the elements (homopolar bonds). Owing to occurrence of chemical ordering features the physical properties significantly changes at the so-called tie line or stoichiometric composition at which the glass structure is made up cross-linked structural unit consisting of heteropolar bonds only. The tie line composition, at which the features have been seen chemical origin are also referred as the chemical threshold of the alloy. 122 123 Other existing approaches are so-called topological models which essentially described with help of the constraint theory 91 93 119 120 and structural dimensionality considerations 121 In topological models changes in properties discussed in term of the average coordination number r which indiscriminate of the species or valence bond. In the constraints models 91 93 119 120 number of operating constraints equating with number of degrees of freedom and most stable glass r is demonstrated around ∼2.4. At the critical value of r , the glass network transforms into an elastically floppy (polymeric glass) type to a rigid (amorphous solid) type configuration. In subsequent of this several investigators are also demonstrated the existence of medium-range structures and their physical significance 115 at the critical threshold r ∼2.67 in extensive study of the topological models. Figure 4 shows the variations of refractive (n) and E g with r , where values of r vary between 2.04 to 2.14. The increasing and decreasing reversal trends in optical parameters are observed at r = 2 1, which is smaller than well known first threshold value r = 2 4 of chalcogenide glasses. This may be due to fact the applicability of topological models has been generally verified for ideal non-metallic/semi-metallic binary and ternary glassy systems. In regard to real metallic alloys, the mechanical stabilized structure can be, therefore, observed at lower value of average coordination number. Increasing or decreasing reversal trends in binary and ternary chalcogenide alloys at lower value of average coordination number has been also verified by the several authors.
124-128 Figure 5 shows the variations of E g and electrical conductivity ( av with r . An increasing and decreasing phase reversal is observed in the both physical parameters. This result revealed optical energy band gap and electrical conductivity are minimum and maximum respectively at the critical r or threshold composition. Figures 6 and 7 exhibit the variations of E g , av and Hruby number with r of under test materials. These two outcomes demonstrate at the threshold value r the thermal stability, GFA and electrical conductivity of the system maximum when it optical energy band gap is minimum. Further Figure 8 shows a correlation between crystallization activation energy and glass forming ability with r of the test materials. These two temperature dependence parameters have shown the decreasing and increasing phase reversal with r . E c and GFA values have been achieved minimum and maximum at the threshold value r . Thus outcomes of the described correlative physical properties of under test materials demonstrates a system should have least E g , E c and high n, av and GFA values at the threshold r for the most stable glass configuration.
DISCUSSION
Composition and average coordination number dependence variations of thermal, electrical, optical parameters of under examined materials could be explained on the basis of the chemical-bond theory of solids. If bond energies are assumed to be additive, the cohesive energies can be calculated by summation over the bonds present within the glassy structure. 129 In the glasses studied here, it is expected to metallic Zn bonds are dissolved in Se chains to make Zn-Zn, Se-Se and Se-Zn homonuclear and heteronuclear bonds having bond energies 204, 104 and 161 kJ (mole) −1 . Essentially the binary Se-Zn glassy alloy has a Se 2 Zn 4 cross-linked heteronuclear metastable structure and rigidity of the structural unit belong in the floppy mode. 56 110 Cause the thermal agitation or fluctuations −1 begin the structural transformation towards 3D → 2D space, this leads to an increase in av , GFA, n, r with a decrease in associative E g , E c . Thus the cohesive energy as well as average coordination number of the glasses increases with increasing In concentration.
In chalcogenide glasses a chemical threshold often occurs at a specific composition. This event has also observed in Se-Zn-In glasses; at the threshold concentration the glass becomes chemically ordered and contains only strong Se-In bonds and chemical threshold network have most tight bonding, shortest bond lengths with largest compactness. Thus, the maximum observed deviation at r = 2 1 is attributed to complete 2D layered structural transformations in floppy to rigid transition. 131 Beyond the threshold value, addition of In content favours the formation of In-In bonds (bond energy 125.58 kJ mole −1 and reduce the density of Se-In bonds. As consequence higher value r composition glass network transformed into 3D network in 2D → 3D configurations transitions. 93 132-134 The difference in cohesive energy (U Se−In − U In−In = −124 kJ (mole) −1 and structural network transitions 2D → 3D provided the reduce values of the average cohesive energy on both sides of the chemical threshold cause an increase in E g , E c and a decrease in av , GFA, n. As result one has noticed higher and lower values of the thermal, optical and electrical parameters on both sides of the compositional/-structural threshold networks. 100 135 136 Here a small inconsistency appeared in critical r = 2 1 to well known established structural threshold value for chalcogenide glasses. This inconsistency in threshold value of r could be attributed to the addition of the semi metal In in presence of heavy metal Zn in ternary glassy network. 137 138 Several authors also predicted [137] [138] [139] [140] [141] [142] that, the structural threshold r can be differ from well known Phillips and Thorpe established critical r = 2 4 and Tanaka demonstrated the critical r = 2 67 in chalcogenide glasses.
CONCLUSIONS
In summary, author has critically reviewed the major achievements in metal containing ternary chalcogenide alloys and discussed the composition/average coordination number r dependence correlative physical properties of Se-Zn-In ternary alloys. It has obtained that the optical energy band gap (E g , electrical conductivity ( av , crystallization activation energy (E c , thermal stability and glass forming ability (GFA) of the materials extensively vary with alloys concentrations. Physical parameters E g av , E c and GFA values have shown a phase reversal at the chemical threshold owing to large number of bonds fluctuations in glassy networks. Addition of foreign element also influenced the mechanical strengths of the networks of the glasses. As consequence, structural rigidity vary with concentrations of an alloying elements and configurational networks modifications represents in from of average coordination number r . Therefore, here one has demonstrated the correlation between n, E g av , E c and GFA on basis of r variations. Outcomes demonstrate a mechanical threshold also occurred in Se-Zn-In network glasses. At the critical mechanical threshold ( r = 2 1) value the thermal, electrical and optical parameters n, E g av , E c and GFA have been clearly exhibited a phase reversal. This arises due to large change in structural constraint unit of the optimum network glass. Below and above the critical threshold constraints of the structural transitions belong to under and over cross-linked regime. Due to this optical, electrical, thermal properties of the under test glasses have shown a significant decrease and increase at below and above the critical threshold value of the average coordination number ( r ).
Hence in significance of past different reports and this work is evident that the intensive investigations in field of metallic chalcogenides still on-going to deduce the 
